Abstract. Variation of the luminosity in two parallel auroral arcs before auroral breakup has been studied by using digitised TV-data with high temporal and spatial resolution. The intervals when a new arc appears near already existing one were chosen for analysis. It is shown, for all cases, that the appearance of a new arc is accompanied by fading or disappearance of another arc. We have named these events out-of-phase events, OP. Another type of luminosity variation is characterised by almost simultaneous enhancement of intensity in the both arcs (in-phase event, IP). The characteristic time of IP events is 10±20 s, whereas OP events last about one minute. Sometimes out-of-phase events begin as IP events. The possible mechanisms for OP and IP events are discussed.
Introduction
Research into the dynamics and morphology of auroras before auroral breakup may give information about possible reasons for substorm triggering. There are two well-known phenomena in auroras before the substorm onset: pseudobreakup events and auroral fading.
The term``pseudobreakup'' was introduced by Akasofu (1964) for the description of local short-lived activation of auroral arcs. McPherron (1991) has noted that pseudobreakups are similar to the substorm expansion phase including a burst of Pi2 micropulsations and weak enhancement of westward electrojet. According to Koskinen et al. (1993) and Nakamura et al. (1994) the main dierence between pseudobreakups and the substorm expansion onsets might be intensity and size of the disturbance source.
Another prebreakup event is the auroral fading i.e. decrease in the discrete auroral arc luminosity a few minutes before an auroral breakup (Zaytseva et al., 1976; Pellinen and Heikkila, 1978) . Kauristie et al. (1995) reported the ionospheric plasma depletion observed by EISCAT radar together with the arc fading just before the auroral breakup. Pudovkin et al. (1995) suggested that a speci®c B z distribution in the vicinity of the inner edge of the magnetotail plasma sheet hinders the particle precipitation from the Earthward-movinḡ ux tube during the auroral fading.
Multiple auroral structures and their role in the substorm development have been investigated by many authors. The periodic (in longitude) arc structures at separations of more than 150 km were studied by Murphree et al. (1994) . At a larger scale the observation of double auroral oval at the recovery phase of substorms was reported by Elphinstone et al. (1995b) . In another paper by Elphinstone et al. (1995a) , the possible role of periodic (in longitude) auroral structures in evolution of multiple onset substorms is discussed.
Relatively little attention was paid to correlation of the luminosity in the multiple auroral arc structures. In some papers for example, Persson et al. (1994) and Elphinstone et al. (1995b) the presence of several arcs in the sky was used to map the plasma sheet boundaries in the ionosphere and to de®ne a region in the magnetotail where substorm onset takes place. Morse and Romick (1982) noted that the sky does not fade as a whole when more than one arc is observed, but some arcs dim while others brighten. Recently, Safargaleev et al. (1996) have reported an interesting case of observation of two auroral arcs a few minutes before an auroral breakup. They have found that activation of weak auroral arc leads to fading of more powerful equatorward arcs, and vice versa.
In the present study we extend this investigation, including some cases of simultaneous observation of two auroral arcs in the TV-camera ®eld of view just before auroral breakups.
Method of investigation and description of events
In our study we used the data of routine TV-camera registration of auroras at the Loparskaya observatory (corrected geomagnetic coordinates 64.70 N, 116.33 E; MLT=UT+3h). The TV-camera was pointed toward zenith, the ®sh-eye lens gave a ®eld of view of 170´170°. We were interested in the intervals when multiple auroral arc structures (MAAS) were seen in the sky before a substorm onset. More than 60 h of TV data near the local midnight, obtained during the observation seasons of 1994±1995, were examined, but only three MAAS intervals of about 5 min in duration have been chosen for the further analysis. These data were digitised at 2 s intervals with spatial resolution of about 0.6´0.6 km at an altitude of 110 km near the TVcamera zenith. The samples along the geographic meridian were used then to construct a keogram. Such keograms indicate the temporal behaviour of auroral luminosity as a function of latitude. The main features of each of the MAAS intervals is described next. 30, 1995, 1727:15-1730: 35 UT This interval is the most simple for analysis. The geomagnetic and aurora activity for the period is presented in Figs. 1, 2 where the MAAS interval is shown with either horizontal bars or black arrows. The development of the substorm is shown in Fig. 1a , b where variations of the horizontal component of the geomagnetic ®eld at Lovozero observatory (corrected geomagnetic coordinates 64.09 N, 115.47 E; MLT= UT+3h) are presented. The data from Kiruna and Sodankyla observatories are shown in Fig. 2 , bottom right, the location of Kiruna, Sodankyla, Lovozero and Loparskaya may be seen in Fig. 2 , bottom left.
January
As seen from the magnetograms in Figs. 1a and 2, the substorm expansive phase begins near 1725 UT as a strong negative excursion of the north component of the magnetic ®eld in Lovozero, Sodankyla and Kiruna. At 1733 UT the next negative deviation takes place in Lovozero and Sodankyla. Both activations were accompanied by trains of Pi2 pulsations in Lovozero (see Fig. 1b ). A few minutes before the second activation, during the relatively quiet period approximately 5 min in duration, the multiple auroral arc structure appears in the sky in Loparskaya.
Development of the auroras during the interval 1727±1730 UT is shown in Fig. 2 In more detail, the variations of the mean value of the arc luminosity are presented in Fig. 3 (upper panel). Also shown are the keograms obtained along the (Z)enith, (E)astward and (W)estward pro®les (lower panel). These pro®les are indicated in Fig. 2 by white vertical lines on the ®rst all-sky image. The keogram for the Z-pro®le indicates the temporal behaviour of sky luminosity along the geographic meridian of Loparskaya, Z°means the zenith angle (positive to the north). The width of the Z-pro®le is about 25 km at an altitude of 110 km near the zenith. The keograms for the W-and E-pro®les are presented to show the sky luminosity in the zenith vicinity. For convenience, we use the same yaxes as for the Z-pro®le. It is seen from these keograms that the arc fading as well as the arc brightness occurs almost simultaneously eastward and westward of the Zpro®le and, hence, seems not to be caused by propagation of any small-scale irregularity along the arc.
Two steps of auroral development can be seen during the period. At ®rst, rapid fading of the poleward arc from 1727:30 to 1729:10 UT is accompanied by gradual increase in the luminosity of the equatorward arc. After 1729:10 UT, the luminosity of the equatorward arc increases more rapidly. We named such a type of arc activity the out-of-phase (OP) event. The beginning of each OP-event is indicated in Fig. 3 with a black arrow. There is another type of variation when the short-lived bursts of luminosity occurs in both arcs almost simultaneously (at 4 s accuracy) and may be seen both on Zpro®le and W-and E-pro®les. We named these bursts the in-phase (IP) events. Their beginnings are indicated in Fig. 3 with open arrows. Durations of the OP and IP events inside the interval are listed in Table 1 in the column entitled DT.
As seen in Fig. 3 , the OP event at 1729:10 UT begins as an IP event. Similar luminosity behaviour in two arcs (when the OP event begins as the IP one) may be seen also during the MAAS interval described earlier by Safargaleev et al. (1995) .
February 11, 1994, 2006:30±2011:30 UT
The multiple auroral arc structure was observed during relatively a quiet interval a few minutes in duration between two consecutive substorm onsets (see magnetograms in Fig. 1a, b) . Development of the auroras for this period is shown in Fig. 4 . Auroral breakup begins at 2011 UT with formation of a westward travelling surge on the poleward arc.
There are two auroral arcs at separation of 50±70 km in the sky. Variations of luminosity in these arcs and keograms, are presented in Fig. 5 . Three OP events may be seen in the interval. At ®rst, the intensity of the poleward arc begins to decrease after 2007:30 UT when a new arc appears equatorward of the poleward one. One minute later, this new arc disappears while the poleward arc becomes more active again. Just before a break up, the poleward arc fades signi®cantly. It is accompanied evidently by activation of the equatorward arc. These OP-events are indicated in Fig. 5 with black arrows. During the periods of activation of either the poleward or equatorward arc short-lived¯ares of luminosity are observed simultaneously in the both arcs (the IP-events, open arrows in Fig. 5 ). The times and durations of the OP and IP events are listed in Table 1 .
Note that the activation just before the breakup begins as IP event (in both arcs simultaneously), but some seconds later the poleward arc disappears.
January 31, 1995, 1852:30±1855:06 UT
The geomagnetic and auroral activity for this interval is shown in Fig. 6 . The ®rst substorm in Lovozero begins at 1849 UT as a negative bay on the standard magnetogram (Fig. 6, upper panel) and as Pi2 enhancement on a rapid-run magnetogram (not shown). The WTS originated far away from the Loparskaya zenith. It spreads to the west, reaches Loparskaya and disappears. Some minutes later, the multiple auroral arc structure may be observed in Loparskaya. Both TV and all-sky camera observations had been stopped few seconds before the second substorm onset that occurred between 1855 and 1857 UT and was accompanied by Pi2 at 1855:25 UT.
The keogram for this interval is presented in Fig. 6  (lower panel) . It is seen, that the appearance of a new arc (1996) which begins few seconds before 1853 UT is accompanied by fading of the pre-existing arc located approximately 70 km to the north (the ®rst OP event). At 1853:40 UT the poleward arc disappears almost completely, and the activity in the equatorward arc reaches its maximum. After that, the poleward arc becomes more active whereas the equatorward arc fades (the second OP events). These events are shown with black arrows in Fig. 6 , the IP event is shown with open arrows, their times and durations are presented in Table 1 .
Results and discussion
In the present study we have described three intervals of prebreakup auroral activity when more than one auroral arc can be seen in the TV camera ®eld-of-view. We concentrated on the moments when a new arc appeared near the already existing one. We have found for all cases that the pre-existing arc then fades or disappears and named such events out-of-phase (OP) events. This result seems to be very important for understanding the mechanism for auroral arc formation. Next we discuss brie¯y the possible reasons for OPevents.
Most of the supposed mechanisms for arc formation have been examined by Borovsky (1993) . We mention three that seem to be more quoted at present. In accordance with Atkinson (1992) , formation of a new arc may be caused by magnetic ®eld line reconnection in the distant magnetotail. The observed out-of-phase variations may show, in this case, that the reconnection onset at one point of the magnetotail plasma sheet hinders the reconnection development in another part of the magnetotail. On one hand, the reconnection leads to dipolarization of the magnetic ®eld lines closing to the Earth. It creates unfavourable conditions for their merging and results in disappearance of the pre-existing equatorward arcs. On the other hand, the local reconnection in the magnetotail may produce a plasmoid in the magnetosphere equatorial plane (Hones et al., 1977) . The plasmoid moves away from the Earth pushing out the magnetic ®eld lines which also hinders the reconnection in the vicinity of the merging area and leads to fading of the pre-existing poleward arc.
In the``ionospheric-conductivity feedback instability'' model, a small-scale patch of enhanced conductivity in the ionosphere plays a major role in forming of auroral arc (for instance, Sato and Holtzer, 1973) . In accordance with Borowsky (1993), the width of the arc, W patch , generated in this manner, depends on the magnitude of tangential component of the electric ®eld, W patch $ E EW . However, the simple electrostatic theory predicts that a narrow strip of enhanced conductivity should short-out this component. For this reason the active arc may``switch o '' the arc in the vicinity.
In the model by Rothwell et al. (1991) , an auroral arc is powered by the kinetic energy of Earthward-¯owing plasmasheet plasma. As was mentioned, a new arc decreases the azimuthal component of the large-scale convection electric ®eld in the ionosphere. This may reduces the Earthward¯ow of the plasma in the magnetosphere and, hence, the¯ow of energy which is necessary to support the existing arcs. We have presented three possible ways of explanation of out-of-phase variations. Another type of luminosity variations observed in our study seem to be more surprising phenomena. It includes the events of synchronous (de®ned with the accuracy of about 4 s) brightening of the both arcs. We have used the term`i n-phase (IP)'' for description of those events. The duration of IP events is less than of OP events. This distinction between the events is seen clearly in Fig. 7 , where the event number is plotted versus the event duration. It gives a characteristic time for IP events of 10±15 s whereas the OP events last about one minute.
The most interesting feature of IP events is the considerable synchronism of the observed variations. For this reason it is dicult to ®nd any agent responsible for these events in the distant magnetotail. In fact, since the arcs are separated by $70 km in the ionosphere, the observed time delay (2±4 s) should give an extremely large value for the radial component of the velocity of the disturbance, v r , in the equatorial plane of the magnetosphere. For instance, Tsyganenko's model for K p = 4 gives v r $ 1500±3000 km á s A1 whereas the typical value of the Alfven velocity inside the magnetosphere is near 1000 km á s
A1
. It is more reasonable to assume that particle acceleration during IP events takes place somewhere near the Earth, at low altitude. The anomalous resistivity could be a possible candidate for explanation of the IP events. A role for parallel electric ®eld in the acceleration processes above discrete auroral forms was discussed, for instance, by Block and Falthammar (1990) .
Another interesting feature of IP events is the possible connection with OP events. We have analysed four MAAS intervals and considered ten OP events. In three cases, the OP events just before the auroral breakup begin as IP events. This can be seen in Fig. 3 at 1729:10 UT, and in Fig. 5 at 2010:25 UT as well as in Fig. 5 . of Safargaleev et al. (1996) near 1915 UT. As was mentioned the OP event may be caused by local reconnection in the magnetotail. From this point of view, the observed sequence of IP and OP events may mean triggering of the reconnection by some agent propagating from the dayside magnetosphere to the magnetotail. Additional investigation of this problem is necessary because it seems to be important to understand the mechanism for substorm triggering.
Unfortunately, the low quality of the magnetic data does not allow us to connect either OP or IP events with any change in the magnetic ®eld variations, especially, in Pi2 and PiB pulsations. This extremely interesting question remains beyond the scope of this study.
A case concerning the observation of out-of-phase pulsating``auroral bistructure'' (i.e. two discrete auroral arcs at a separation of a few tens of kilometers) during the substorm expansion phase has been reported by Kornilova et al. (1982) . The period of these pulsations was found to be about a few seconds. Pulsating anomalous resistivity was discussed as a possible reason for that event. The oscillating auroral phenomena associated directly with substorm expansion and its possible connection with waves in the plasma sheet was discussed by Liu et al. (1995) . The period of observed oscillations was $10 min.
In connection with our study, it is interesting also to mention the results by Murphree et al. (1994) . They investigated spatially periodic auroras and pointed out that no periodic structures were found at a separation of less than 100 km. It is in good agreement with our results. In accordance with our observations, two active arcs at separation less than 100 km could not co-exist over a long time.
Conclusions
1. Luminosity variations in two parallel auroral arcs before auroral breakup have been studied. It is shown that events of short-lived activation at least in one of the arcs may be separated into two groups. The events of the ®rst group are characterised by opposite behaviour of the arc intensity when the appearance of a new arc is accompanied by fading or disappearance of the preexisting arc (the out-of-phase events, OP). The events of another group are characterised by simultaneous (at 4 s accuracy) enhancement in intensity in all arcs (the inphase events, IP). 2. The characteristic duration of the IP events is 10±20 s, whereas the OP events last about one minute. Often the events begin as an IP event, but then transform into an OP event. 3. A possible explanation of the OP events is discussed in frames of dierent theories for auroral arc formation. In particular, the observed out-of-phase variations of the arc luminosity may mean that the beginning of the reconnection in one part of the magnetotail plasma sheet hinders the reconnection development in the vicinity of the merging area. To satisfy the observed simultaneity of short-lived luminosity enhancement during the IP events, the region of the auroral particle acceleration seems to be located at low altitudes. Fig. 7 . Plot of the number of events versus the event duration. IP signi®es the event of simultaneous enhancement of the intensity in the arcs, OP signi®es the event of opposite behaviour of the arc intensity, DT is the duration of event
